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A critical evaluation of the factors involved in the induction of enzyme for- 
mation, at least as far as microorganisms are concerned, indicates that for an 
ideal experimental system the following criteria should be satisfied: 
1. The increase in amount of enzyme should be large so that the effects of 
various physical and chemical factors can be unequivocally evaluated. 
2.  Enzyme formation  should  take  place  rapidly  and  under  conditions  in 
which there is little or no cell division in order to eliminate the possibility that 
enzyme increases observed are due to selection of mutant organisms. 
3. It should be possible to obtain cell-free preparations of the organism used 
so that measurements of enzyme activity can be carried out under conditions 
in which the permeability of the cell membrane is not a factor to be considered. 
4.  Enzyme  activity should  be  determined by  disappearance  of  a  specific 
substrate or formation of a specific product, rather than by a composite meta- 
bolic criterion such as oxygen consumption or carbon dioxide production. 
5. It should be possible to demonstrate that an observed increase in enzyme 
activity is actually associated with the synthesis of enzymatically active pro- 
tein. 
6.  It should be possible to stop enzyme formation at will without affecting 
enzyme activity so that  kinetic studies  of enzyme formation can  readily be 
made. The results of such studies would be expected to aid in formulating a 
theory regarding the mechanism of the induction of enzymes. 
It will be apparent that the experimental system involving B-galactosidase in 
Escherichia  coli B, as it is used in this study, fulfills all the above-mentioned 
requirements of the ideal system. The formation of this enzyme is an extremely 
rapid and extensive process, the amount of enzyme increasing as much as fifty 
times in I hour and under conditions in which cell numbers increase by a factor 
of not more than 2. The strain used is rapidly and easily lysed by a  specific 
phage,  the cell-free preparations so obtained having approximately ten times 
* Some of the results reported in this paper were presented before the 121st meeting 
of the American Chemical Society in Milwaukee,  April,  1952. 
703 
The Journal of General Physiology704  MECtIANISM  OF  SYNTHESIS  OF  ENZYMES.  I 
the activity of the original whole cells. As routine, in this work, toluene-treated 
cells,  as  described  by Monod  (15),  rather  than  phage-lysed  cells,  have  been 
used, because the former are much more quickly and easily prepared  and have 
the same activity as phage-lysed cells.  Enzyme activity has been  specifically 
determined  with  ortho-nitrophenol-/~-D-galactoside  (/~-niphegal--Monod)  as 
substrate,  by colorimetricall~  determining  the  appearance of free ortho-nitro- 
phenol  as  suggested  by  Lederberg  (9).  In  addition,  it  has  been  shown  by 
Monod (13)  that the formation of this enzyme, at least in the strain of E. coli 
used by him, is associated with the synthesis of enzymatically active protein. 
Finally, formation of the enzyme could be stopped at any desired time by the 
addition of minute amounts of chloromycetin (6)  which,  at least  in  the  con- 
centration used, has no effect on/~-galactosidase activity. 
Methods 
Nature and Maintenance of the Organism Used.--A strain of E. coli B was obtained 
from Dr. A. Graham of the Connaught Medical Laboratories, Toronto. This strain 
is susceptible to lysis by T2r  + phage and was grown as routine in a liquid medium of the 
foUowing  composition: Bacto-tryptose  (Difco)  20.0  gm.,  sodium  chloride  5.0  gm., 
glucose 1.0 gm., water to 1.0 liter, pH adjusted to 7.4 before autoclaving. 
A 3 hour old culture was lyophilized in small vials. Ceils to be used for experiments 
were  derived  from  the  lyophilized  preparation  by a  standard  procedure  of serial 
transfers  as  follows:- 
Preparation  of "Standard"  Cells for  Experiments.--The  contents  of a  vial  were 
transferred to a 200 ml. Erlenmeyer flask containing 25.0 ml. of the medium and the 
culture was shaken at a rate of 50 strokes per minute for 15 hours in a constant temper- 
ature bath at 37°C. Then 1.0 ml. inocula of the 15 hour old culture were transferred 
to 200 ml. Erlenmeyer flasks containing 100.0 ml. volumes of the medium, and the 
resulting cultures grown under the same conditions as above. Unless otherwise indi- 
cated, these latter cultures were centrifuged 3 hours after inoculation (20 minutes at 
2000 ~.P.M.). The cells  were then washed twice in M/20 phosphate buffer, pH 7.0, 
(potassium- or triethanolamine-phosphate depending on the nature of the experiment). 
The cells were finally made up in buffer to a standard photometric density (Evelyn 
colorimeter-wave length 420 m/z-buffer blank) of 0.699  (20 per cent transmission). A 
1.0 ml. volume of such a  "standard cell suspension" contained 0.62  rag. of total ni- 
trogen. 
Preparation of Phage-Lysed Cells.--T2r + phage was prepared by a modification of 
the method described  by Lesley, French, and  Graham  (10).  The  "standard  phage 
suspension" used had a count of approximately 2  ×  10  n particles per ml. and corre- 
sponded to a photometric density of 0.155  (70 per cent transmission). 
The cell suspension, the enzyme activity of which was to be determined, was diluted 
ten times with ~r/20 potassium phosphate buffer, pH 7.0.  To each of two 300 ml. 
Erlenmeyer flasks, fitted with Thunberg evacuation tops, were added 5.0 ml. volumes 
of this diluted cell suspension; 0.5  ml. of a  "standard T2r  + phage suspension" was 
placed in each bulb. The flasks were evacuated, flushed three times with nitrogen gas 
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filled with nitrogen gas to a slight negative pressure. The phage suspension was then 
dumped in from the  bulbs and  the  flasks  incubated  for 40 minutes, at  37°C. This 
treatment  resulted  in  a  complete  lysis  of  the  cell  suspension  as  determined  by 
microscopic examination.  The  contents of  the  two flasks were pooled and  2.0 ml. 
volumes of the phageAysed preparation were used for enzyme activity measurements. 
Preparation of Toluene-Treated Cells.--Unless otherwise indicated,  1.0 ml. volumes 
of the  ceil  suspension,  the  enzyme activity  of which was  to  be  determined,  were 
incubated with 0.1 ml. volumes of redistilled  toluene in Evelyn tubes at 37°C. for 5 
minutes. This treatment did not result in any microscopically demonstrable lysis of 
the ceils and was found to be independent of pH over a range of 6.0 to 8.0 and un- 
affected by increased  amounts of toluene or incubation for a  period longer than  5 
minutes. 
Method Used for Enzyme Induction.--Unless  otherwise indicated, 5.0 ml. volumes 
of the "standard cell suspension" were incubated with 1.25 ml. of an aqueous solution 
of the substance to be tested for its enzyme-inducing ability and 1.25 ml. of an ~/10 
ammonium sulfate solution. The experiments were carried out at 37°C.,  the L tubes 
being shaken for 1 hour in a  constant temperature bath at a  rate of 50 strokes per 
minute. Enzyme synthesis was stopped at any desired time by the addition to each 
L tube of 1.5 ml. of an aqueous solution of chloromycetin containing 100 ug./ml. (6). 
Unless otherwise specified,  this was the method used as routine for enzyme induction 
experiments; under these conditions no measurable cell division took place during the 
60  minute  induction  period. 
Method of Determination o/~-Galactosidase Activity.--Unless  otherwise indicated, 
1.0 ml. volumes of the cell suspensions present in the L  tubes after the addition of 
chloromycetin (whole  cells,  toluene-treated  ceils,  or phage-lysed ceils)  were  trans- 
ferred to Evelyn tubes and incubated for 10 minutes,  at  37°C.,  in the presence of 
4.0  ml.  volumes  of  M/600  ortho-nitrophenol-&D-galactoside  (0-niphegal)  in  M/10 
all-sodium phosphate buffer, pH 7.0. Enzyme activity was stopped by the addition of 
5.0 ml. freshly distilled acetone, the photometric density resulting from the liberation 
of free ortho-nitrophenol was determined at 420 m# in a standard Evelyn colorimeter, 
and the 0-galactosidase activity expressed in terms of this density (9). The determina- 
tions were done in triplicate and the results reported are the averages. 
Purification of Sugars.--c.  P. grade  D-galactose  (B.D.H.) was heated  with  0.5  3r 
sulfuric acid for I hour to hydrolyze any lactose present. This solution was neutralized 
with  barium  carbonate,  filtered,  and  concentrated to a  thick syrup in vacuo. The 
syrup was dissolved in 50 per cent methanol (v/v), treated while hot with decolorizing 
carbon, and filtered.  It was then seeded with a-D-galactose and stirred continuously 
during crystallization. The crystalline material was dissolved in water and incubated 
for 2 hours with Fleischmann's yeast to remove D-glucose. After removal of the yeast 
by centrifugation, methanol was added to a  final concentration of 50 per cent and 
a-D-galaetose was crystallized as before. Recrystallization was repeated twice more 
and yielded a sugar having a specific rotation of + 79.1  ° (concentration, 4.020, water). 
Melibiose  (Nutritional  Biochemical  Co.),  lactose  (B.D.H. Analar),  and  D-glucose 
(B.D.H. Analar) were purified as described by Bates (1). 
Preparations.--O-Methyl-D-galactoside  was  prepared  according  to  Dale  and 
Hudson (2). 
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Link (17). The values for the specific rotation at 18°C. of the ortho-nitrophenol-B-D- 
galactoside  tetraacetate and  of the  ortho-nitrophenol-t~-D-galactoside  published  by 
these authors should  read  +  60.00 (c,  1.9, chloroform)  and  -70.05  (c,  1.0. water) 
respectively (11). 
RESULTS 
The Induction of fl-Galactosidase  in E. coli B.--It was found that cells of the 
phase-sensitive strain of E. coli B  used in this study possessed, after stimula- 
tion with lactose, an enzyme system capable of breaking down ortho-nitrophe- 
nol-fl-D-galactoside (abbreviated to niphegal) with the resulting appearance of 
free  ortho-nitrophenol  (9).  Furthermore,  it  was  shown  by means  of aseptic 
experiments that  the appearance and  increase in fl-galactosidase activity are 
genuine phenomena and  not  due  to  the  occurrence  of contamination  during 
the period of treatment. 
Having established that lactose-treated whole cell preparations of E. coli B 
are  capable  of  hydrolyzing  niphegal,  the  presence  of  this  same  enzymatic 
activity was demonstrated in cell-free preparations of lactose-stimulated cells. 
Both  phage-lysed  and  toluene-treated  cells  were  used  for  this  purpose  and 
found to exhibit considerably greater fl-galactosidase activity than the corre- 
sponding whole cell preparations. 
The Arrest of 13-Galactosidase Formation with Chloromycetin.--Following  the 
report  of Hahn and Wisseman  (6)  that  enzyme formation in E.  coli  can be 
completely stopped by various antibacterial agents, it was decided to determine 
whether  one of these  substances might be used effectively to stop further ~- 
galactosidase formation without, at the same time, interfering with the activity 
of enzyme already formed. 
The results of an experiment to test this point, shown in Table I  and Fig.  1, 
indicate that,  for all practical purposes, enzyme formation can be considered 
stopped for at least 60 minutes. 
To determine the effect of chloromycetin on B-galactosidase activity as such, stand- 
ard cells were incubated with lactose in L  tubes and lysed by means of phage. To 
aliquots of the phage-lysed suspension  in Evelyn tubes various amounts of chloro- 
mycetin were added ranging from 0 to 500 #g. per tube. It was found that the produc- 
tion of ortho-nitrophenol over the entire range tested was identical with that of the 
control and it was concluded,  therefore, that, under the conditions used, chloromycetin 
has no effect on B-galactosidase  activity per se. 
The ~-Galactosidase Activity of Whole, Phage-Lysed, and Toluene-Treated Cells of E. 
coli B.--To compare the relative enzyme activities of these three types of preparations 
standard cells were used in which t~-galactosidase had been induced in the presence of 
0.008 ~t lactose and  0.017 ~  ammonium sulfate.  After addition  of chloromycetin, 
the cell suspension  was diluted ten times with ~/20 all-potassium phosphate buffer, 
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Phage-lysed cell  preparations were obtained as described under Methods. Toluene- 
treated cell  preparations were obtained by adding 0.5 ml. of toluene to I0.0 ml. of the 
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FIG. 1. The ability of chloromycetin to arrrest $-galactosidase formation. 
TABLE I 
The Ability of Cldoromycetin to Arrest B-Galaaosidase Formation 
Period of induction  ~-Galactosidase activity determined at various times after chloromycetin addition 
prior to addition of 
chloromycetin  0 men.  30 min.  60 rain.  120 rain. 
min. 
20  0. 057  0. 059  0. 059  0. 072 
40  O. 289  O. 294  O. 303  O. 303 
60  O. 548  O. 560  O. 560  O. 590 
Three  10.0 ml. volumes of a  standard  cell suspension were incubated in L  tubes under 
the usual conditions (see  Methods).  After 20,  40,  and  60 minutes respectively 150 #g.  of 
chloromycetin was added to each tube. Enzyme activity determinations were carried out as 
described  under  Methods  and  the figures  shown  represent the averages of three  separate 
measurements. 
diluted cell suspension.  In addition,  0.5  ml. of M/20 all potassium phosphate  buffer 
was added in order to dilute this preparation to the same extent as that to which phage 
had been added. Incubation with toluene was carried out for 15 minutes at 37°C. To 
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buffer was added to 10.0 ml. of the diluted cell suspension. In the case of each type of 
cell preparation,  a 2.0 ml. volume was used for activity measurements. 
The results shown in Table II indicate that toluene-treated and phage-lysed 
cell preparations exhibit the same degree of ~-galactosidase activity, this activ- 
ity being approximately ten times that of the corresponding whole cells.  Since 
toluene-treated cells are much more quickly and readily prepared than phage- 
lysed cells, the former type of preparation was used as routine. 
The Effect  of Na  and K  Ions on the Formation of fl-Galactosidase.--Since  it 
had been found by both Monod (14) and Lederberg (9) that sodium and potas- 
sium ions have marked stimulatory effects on the activity of ¢3-galactosidase, 
it  was decided to  determine  whether  similar  effects might be  observed with 
regard to the formation of this enzyme. 
TABLE II 
~-Galaclosldase Activity  of Whole, Phage-Lysed, and Tduene-Treated  Cells of E. coli B 
Type of cell preparation  B-Galsctosidsse  activity 
Whole cells (untreated) ..........................  0.034 
Phage-lysed cells  .................................  0.355 
Toluene-treated cells .............................  0.367 
2.0 ml. volumes of the three types of cell preparations were incubated at 37°C. with 3.0 
ml. of M/450 niphegal in M/10 all-sodium phosphate buffer, pH 7.0. After 45 minutes enzyme 
activity was stopped by adding 5.0 ml. of distilled acetone to each tube, 
To test this,  standard cells of E. coli B were suspended  in buffers containing  the 
additional ions indicated in Table III and incubated in L tubes under the usual condi- 
tions. The pH of the medium during enzyme formation was fixed at 7.0 and the usual 
usual concentrations of lactose and ammonium sulfate were employed. Enzyme forma- 
tion was allowed to proceed for 60 minutes and stopped with chloromycetin.  The pH 
of each cell suspension was checked immediately after termination of the experiment 
and found to have remained  unchanged. 
The results shown in Table III indicate that none of the ions, sodium, po- 
tassium,  phosphate,  or chloride,  is  essential  for fl-galactosidase formation. In 
addition, the presence of sodium or potassium ions does not stimulate enzyme 
synthesis and may actually inhibit the process more or less markedly depend- 
ing on which of the two anions is  present.  Thus, M/10 potassium phosphate 
has no effect at all on fl-galactosidase formation, whereas sodium phosphate, 
under the same conditions, inhibits considerably (about 35 per cent). That of 
the two cations sodium is the more inhibitory is borne out by the data obtained 
with  their  respective chloride salts.  Thus,  potassium chloride inhibits  to the 
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per cent. It is interesting that both cations inhibit more markedly in the pres- 
ence of chloride than in the presence of phosphate but, at present, no explana- 
tion can be offered for this observation. 
The  complete  lack  of  inhibition  with  potassium  phosphate  suggested  the 
routine  use  of all-potassium  phosphate  buffers  for enzyme induction  experi- 
ments. It was found that in M/20 all-potassium phosphate buffer as much en- 
zyme formation takes place as in ~/15  TEA chloride or TEA phosphate buf- 
fers. Since, moreover, this concentration is sufficient to stabilize the pH under 
the experimental  conditions used, it was decided to use this buffer as routine. 
TABLE III 
E~ects of Na and K Ions on Formation of ~S-Galaaosidase 
Salt added to TEA buffer  ~-Galactosldase 
Buffer  (final concentration  M/IO)  activity 
~/15 TEA phosphate 
~s/15 TEA phosphate 
~/15 TEA phosphate 
~/15 TEA chloride 
~/15 TEA chloride 
~/15 TEA chloride 
None 
Na phosphate 
K phosphate 
None 
Na chloride 
K chloride 
0.431 
0.285 
0.434 
0.413 
0.000 
0.107 
For the activity determinations,  0.I ml. of toluene was added  to 2.0 ml. of the various 
cell suspensions followed, after i0 minutes' incubation at 37°C., by 8.0 ml. of ~¢/600 niphegal 
in ~/15 all-sodium phosphate  buffer, pH 7.0. Enzyme activity was allowed to proceed at 
37°C. and the resulting  densities were estimated  after exactly  15 minutes.  (Acetone could 
not be used to stop enzyme activity in these experiments because, in the presence of trietha- 
nolamine (TEA), it resulted in a fading of the ortho-nitrophenol  color.) 
The E gec~ of pH on ~-Galactosidase Forrnation.--In order to eliminate variations in 
sodium and potassium ion concentrations at different pH levels,  standard E. coli B 
cells suspended in M/20 TEA-phosphate buffer were used.  This  buffer has optimum 
buffering capacity between pH 6.0 and 8.0. However, since the phosphate concentra- 
tion of the buffer over this range varies by a factor of approximately 4, it was first 
demonstrated that phosphate itself, over the range of concentrations to be used and at 
constant pH, had no effect on the formation of $-galactosidase. Thus, to test the effect 
of pH on enzyme synthesis, x¢/20 TEA-phosphate buffer could be used and, despite 
the fact that phosphate concentration was also a  variable,  the results  obtained at 
different pH levels could be considered as being due entirely to pH. Enzyme formation 
was allowed to proceed in L tubes for 60 minutes in the presence of the usual concen- 
trations of lactose and ammonium sulfate.  Mter addition of chloromycetin, the pH 
was redetermined and found, in each case, to have remained unchanged. 
From the results shown in Table IV it was concluded that the optimum pH 
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longs to that group of enzymes which according to Gale's classification (4) have 
their pH optima for formation close to their optima for activity. 
As routine, all enzyme induction experiments were carried out at pH 7.0. 
Relationship  between Ability to Synthesize [3-Galactosidase and Age of Culture 
from Which Cells Are Derived.--In order to correlate changes in ability to form 
enzyme with  the  age of the  culture  from which  the  cells were  derived,  the 
characteristics of the growth curve, under the conditions used as routine, were 
first determined.  The results obtained indicate  that  the rate of cell division, 
under  these  conditions,  reaches  a  maximum about  1 hour  after inoculation. 
This rate is maintained for about 1 ½ hours and then decreases. 
To determine the relationship between the age of a  culture from which cells 
are derived and their ability to form ~-galactosidase,  cells were harvested at 
TABLE IV 
Effert of pH on Formation of ~-Galactosidase 
pH during induction  O-Oalactosidase activity 
6.0 
6.5 
7.0 
7.5 
8.0 
0.052 
0.216 
0.314 
0.196 
0.050 
2.0 ml. volumes of the different cell suspensions were incubated with 0.1 ml. of toluene 
for 10 minutes at 37°C., followed by the addition of 8.0 ml. of •/600  niphegal in ,~/10 all- 
sodium phosphate buffer, pH 7.0 (which automatically adjusted the pH to 7.0 in each case). 
The enzyme was allowed to act for 10 minutes and, because of the presence of triethanolamine, 
the resulting photometric densities were determined after exactly 10 minutes without prior 
addition of acetone. 
various periods  after inoculation  and  the  standard  cell suspensions prepared 
were used for enzyme induction experiments under the usual conditions. It is 
realized that the results shown in Table V are not completely unequivocal since 
cell suspensions, when derived from cultures at different times after inoculation 
and then made up to the same photometric density, may not contain the same 
number of cells per unit volume in all cases. However, the variations in enzyme 
levels found are of the order of 100 per cent and there is evidence that,  once 
the early part of the lag phase is passed (30 minutes after inoculation in  this 
case), for a given photometric density variations in cell number per unit volume 
are small (7). 
As routine,  all further enzyme induction  experiments were carried out with 
cells derived from 3 hour old cultures, since this type of cell had been used in 
this work from the beginning and there is only a slight further increase in the 
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Relation  of Concentration  of Ammonium  Sulfate  to  O-Galactosidase  Forma¢ion.-- 
Enzyme induction  experiments  were  carried  out using  standard  cells of E.  coli B 
suspended  in  M/20 all-potassium  phosphate buffer,  pH  7.0 and  incubated  for 60 
minutes in the presence of 0.008 M  lactose and of varying concentrations of ammonium 
TABLE V 
[3-Galactosldase Formation and "Cdl Age" 
Age of culture from which cells were derived  B-Gslaetosidase activity 
,~tY$o 
1 
2 
3 
4 
5 
6 
15 
27 
0.222 
0.224 
0.367 
0.397 
0.314 
0.304 
0.190 
0.146 
Standard washed cell suspensions were prepared from cultures as shown. Ability to form 
fl-galactosidase was determined by induction in the presence of lactose and (1~q:14)~SO4 for 
60 minutes; i.e., under conditions in which no cell division took place. 
TABLE VI 
Effect o¢ Ammonium Sulfate Concentration on fl-Galac~osldase Formaggon 
Ammonium sulfate concentration  O-Gslsctosidase activity 
M 
0.000 
0.002 
0.005 
0.012 
0.017 
0.033 
0.059 
0.227 
0.367 
0.407 
0.431 
0.434 
0.434 
0.398 
sulfate. Enzyme formation was stopped with chloromycetin and the resulting enzyme 
activities  were determined  as described  under Methods. 
In a separate experiment it was found that the concentrations of ammonium 
sulfate tested for their effect on enzyme formation had, in the dilution eventu- 
ally obtaining during the measurement of the enzyme, no effect on ~-galactosi- 
dase activity. 
From the results shown in Table VI it can be concluded, therefore, that an 
ammonium sulfate concentmtlon in the range from 0.015  to 0.030 ~  results in 
maximum ~-galactosidase  formation  under  the  conditions  used.  As  routine 712  MECHANISM  OF  SYNTHESIS  OF  ENZYMES.  I 
therefore, whenever ammonium sulfate was used, a  concentration of  0.017  ~¢ 
was employed. 
Effect  of  Various  Nitrogen  Sources  on  B-Galactosidase  Formation.--Having 
determined the optimum ammonium sulfate concentration for lactose-induced 
O-galactosidase formation, a series of simple as well as complex nitrogen sources 
were tested for their effects on the synthesis of this enzyme. 
To do this, cells suspended in M/20 all-potassium phosphate buffer, pH 7.0, were 
incubated for 60 minutes, using a final concentration of 0.008 M lactose both in the 
absence of any exogenous nitrogen and in the presence of one of the nitrogen sources 
listed in Table VII. The final concentrations used for the different nitrogen sources 
to be tested were equivalent in terms of nitrogen to the optimum concentration of 
ammonium sulfate (0.017 M). The pH levels of the various cell suspensions were found 
TABLE VII 
Effects of Various Nitrogen Sources on 13-Galactosidase Formation 
Nitrogen source 
i 
None .................  i 
Peptone .............  i 
Tryptose ............. 
Casamino acids ....... 
Yeast extract ......... 
Asparagine ...........  J 
Glutamine  ...........  : 
Ammonium sulfate .... 
Final 
concentration 
'  Measured B-  Growth  factor  galactosidase 
activity 
B-Galactosidase  !  B-GSalat~sidase 
activity, adjustedi  ty 
to constant  cell  N-source 
No.  ~o~ 
0.29 per cent 
0.34 per cent 
0.45 per cent 
0.58 per cent 
0.017 
0.017 M 
0.017 
1.0  0.209 
2.0  4. 780 
2.0  3.990 
1.3  2.650 
3.0  9.440 
1.1  0.534 
1.2  0.745 
1.0  0.435 
0.209 
2.390 
2.000 
2.040 
3. 150 
0.486 
0.621 
0.435 
11.4 
9.6 
9.7 
15.0 
2.2 
3.0 
2.1 
to have remained unchanged during the period of the experiment. The photometric 
densities of the cell suspensions were determined before and after the experiment and, 
using a  dilution curve, the increase in cell numbers during the period of incubation 
was calculated and termed the "growth factor." In order to compare the extent of 
enzyme formation as influenced by the presence of the various nitrogen sources, all 
results were expressed in terms of the same cell number. This was achieved by dividing 
the measured enzyme activity by the corresponding, previously observed "growth 
factor." 
Enzyme activity was determined as described under Methods. In addition, it was 
demonstrated that, in the concentrations eventually obtaining, none of the nitrogen 
sources tested had any effect on B-galactosidase activity. 
The results shown in Table VII indicate that  in the  presence  of complex 
nitrogen sources considerably greater stimulation is obtained than with simple 
ones. It must be remembered, however, that the sources other than ammonium 
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a simple one of the relative efficiency of nitrogen sources as such. The fact that 
/~-galactosidase formation can take place under conditions in which there is no 
detectable cell division (no exogenous N; ammonium sulfate), shows that this 
formation is not due to a selection of preexisting mutants. 
Because there is no measurable enzyme activity at zero time and it is impos- 
sible to state numerically the extent to which enzyme has increased, a progress 
curve for the most active of the nitrogen sources, yeast extract, was obtained. 
From these data increases in enzyme activity as well as in cell number could be 
related to their respective levels at,  say,  10 minutes after the  start of an ex- 
periment. 
The results  shown  in Table VIII indicate  that,  while during  a  50 minute 
period  cell  number doubled,  enzyme activity  increased  by more  than  forty" 
TABLE VIII 
Increases in Enzyme  Activity  and Cell Number When Related to Levds  at 10 Minutes  after 
Start of Experiment 
Induction  time  Growth factor 
mln. 
0 
10 
20 
30 
4O 
50 
6O 
1.00 
1.10 
1.28 
1.47 
1.83 
2.20 
2.45 
0-Galaetosidase 
activity 
Ratio of growth 
factor at "t" mln. 
to growth factor 
at l0 rain. 
0.000 
0.156 
0.714 
1.991 
3. 792 
5. 538 
7.072 
1.0 
1.2 
1.3 
1.7 
2.0 
2.2 
Ratio  of activity at 
"t" rain. to  activity 
at  10 rain. 
1.0 
4.4 
12.4 
23.6 
34.6 
44.1 
times. This, together with the fact that, under optimal conditions, cell division 
reputedly takes place only once every 20 minutes (5), indicates that even the 
much more marked increase in  enzyme activity observed in  the presence of 
yeast extract was not due to a  selection of preexisting mutants. 
Specificity  of Induction  of [3-Galactosidase  Formation.--It  would  seem to be 
a  reasonable assumption that,  in  order to bring about enzyme formation, an 
inductor must combine with some constituent  of the specific enzyme-forming 
system within the cell. If this be true, one might expect (a) a certain structural 
specificity among inductors of any one enzyme, and (b)  that other structural 
analogues of such inductors might exhibit competitive inhibition phenomena. 
In ordex  to test the first of these two predictions, a number of sugars, struc- 
turally related to lactose, were tested for their ability to induce/3-galactosidase 
formation. 
From the results shown in Table IX one may, therefore, conclude that there 
is  a  quite  specific structural  requirement  for an  inductor  of ~-galactosidase 714  MECHANISM OF SYNTHESIS OF  ENZYMES. I 
formation and  that,  in fact,  an  intact galactosyl radical must  be present.  A 
similar finding for a  different strain of E.  coli has recently been reported by 
Monod  (15).  Furthermore,  the presence of a  galactose radical would appear 
to be a  necessary but not a  sufficient condition for induction of this enzyme 
since raffinose is not an inductor although it contains galactose and a  melibiose 
configuration, both of which are inductors. 
In addition, it was shown that, in the final concentration used, these sugars 
had little or no effect on/3-galactosidase activity (D-glucose 12 per cent inhibi- 
tion, lactose 8 per cent inhibition, others none). 
TABLE IX 
The Ability of Lactose and Structurally  Related Sugars  to Induce  [J-Galar,  tosidase Formation 
Sugar 
Inductors 
Lactose (glucose-4:1-~-D-galactoside) ......................... 
MeUbiose (glucose-6:1-a-D-galactoside)  ....................... 
D-Galactose ............................................... 
~-Methyl-D-galactoside  ..................................... 
Non-inductors 
Dulcitol (alcohol corresponding  to D-galactose) ................ 
D-Glucose (same configuration  as C2CsC~ of D-galactose) ........ 
D-Lyxose (same configuration  as C3C4Cs of a-galactose) ........ 
L-Arabinose (same configuration  as C2C8C4 of I~galactose) ...... 
Raffinose (D-galactose-l,  6-a-D-glucose-I,  -2-~-D-fructose) ........ 
Maltose .................................................. 
Sucrose ................................................  ,;.. 
a-Galactosidase  activity 
0.431 
0.352 
0.099 
0.404 
0.000 
0.000 
0.000 
0.002 
0.000 
0.004 
0.000 
Enzyme induction was carried out in M/20 all-potassium phosphate buffer,  pH 7.0, in 
the presence of 0.017 ~ ammonium  sulfate and 0.008 ~ concentrations of the various sugars. 
Mter 60 minutes' incubation at 37°C., enzyme formation was stopped by addition of chloro- 
mycetin and fl-galactosidase activity determined as described under Methods. 
Specificity of Inhibition  of ~-Galactosidase Formation.--The  obvious relation- 
ship between the structure of a  substance and its ability to act as an inductor 
of/%galactosidase formation,  together with  the assumption  that,  in  order to 
bring about  its effect,  an  inductor has  to combine with  a  constituent  of the 
catalytic enzyme-forming system within the cell, suggested the possibility that 
substances of structure  closely related to the apparently essential D-galactose 
moiety of the various inductors might act as competitive inhibitors of enzyme 
formation.  To  test this idea, the sugars listed in Table X  were  examined for 
their ability to inhibit lactose-induced/~-galactosidase formation. 
The results shown  in Table X  indicate that the ability of certain sugars to 
inhibit enzyme formation is related to their structure.  It does not appear to J. L. KOPPEL~  C. J. PORTER,  AND  B. F. CROCKER  715 
be related  to the metabolic utilizability  of the  substance,  since raffinose and 
D-arabinose,  although not metabolized  by this  strain  of E.  coli  B,  markedly 
inhibit enzyme formation. 
The ability  of D-glucose to inhibit  enzyme formation  is  of special  interest 
since,  as  soon  as  ~-galactosidase  formation  is  induced  by  lactose,  D-glucose 
which is readily metabolized by this strain  of E. coli B  would be liberated  in 
small, but increasing amounts. One would expect that the formation of such a 
metabolizable substance would increase the rate of further ~-galactosidase for- 
mation through furnishing energy for this process,  although it had previously 
been found that a  concentration of 0.017 M D-glucose completely inhibits  en- 
zyme  synthesis.  Therefore,  enzyme  formation  with  lactose  as  inductor  was 
TABLE X 
Inhibition of fl-Galactosidase Format,  ion by Structurally Related Sugars 
Structural analogue  Inhibition 
D-Glucose (opposite configuration at C4 of D-galactose) ................. 
D-Mannose (opposite configuration at C2 and C4 of D-galactose)  .......... 
D-Fructose (keto group at C2; C4 and C~ same as in D-glucose)  ........... 
Raffinose (contains both D-glucose and D-fructose configurations) ........ 
D-Arabinose (C2, C3, and C4 same as C3, C4, and Cs of D-glucose) ....... 
p~¢e~l 
lOO 
lOO 
8o 
80 
80 
Standard cells of E. coli B were incubated for 60 minutes in •/20  all-potassium phosphate 
buffer, pH 7.0, in the presence of 0.008 ~ lactose and 0.017 •  ammonium sulfate, and in the 
absence of another sugar (control) or in the presence of 0.017 M concentrations of one of the 
sugars listed in the table.  Enzyme formation  was stopped with ehloromycetin and enzyme 
activity determined as described under Methods. 
studied  in  the presence of a  range of glucose concentrations.  The experiment 
was carried out under the usual, standard conditions, and the results obtained 
are shown in Table XI. 
It  was  found  that  at  concentrations  between  0.000017  and  0.005  ~  the 
D-glucose effect  is  one  of stimulation  as  expected,  but  that  above 0.0005 
D-glucose, now acting predominantly as a structural analogue, exhibits increas- 
ing inhibition until at a  concentration of 0.0017 ~  there is no significant forma- 
tion of enzyme. Thus, it is apparent that D-glucose may act predominantly as 
stimulator (energy source) or as inhibitor (structural analogue) depending upon 
its concentration. 
In order to test this interpretation of the ~glucose effects, a study was made 
of the effects on ~-galactosidase formation of (a)  a  "pure"  stimulator,  i.e. an 
energy source which is structurally unrelated to D-galactose and, therefore, not 
an inhibitor, and (b) a "pure" inhibitor, i.e. a structural analogue of D-galactose 
which  is  not  metabolizable  and,  therefore,  not  a  possible  source  of  energy. 716  MECHANISM OF  SYNTHESIS OF  ENZYMES. I 
Succinic acid and  D-arabinose respectively are  two  such  substances  and  the 
data obtained under  the usual, standard conditions when  varying concentra- 
tions of each are present during lactose-induced enzyme formation are given in 
Table  XI.  These  results  confirm  the  original  interpretation;  thus,  succinic 
acid, a  structurally unrelated energy source, simply stimulates enzyme forma- 
tion up to a  point at which some other factor becomes limiting, while D-arabi- 
TABLE XI 
The E.ffe~t~ on t3-Galavtosidase Formation of D-Gluvose, D-Arabinose, or Na-Suvci~te 
ZMols.r concentration 
0.000 X  10  -8 
0.017 X  10-' 
0.070 X  I0-' 
O. 120 X  10  -3 
0.170 X  10  -s 
0.300 X  10-  s 
0.700 X  10-  3 
1.000  X  10-  3 
1.300  ×  10-  ~ 
1.700  X  10  -3 
8.000 X  10-  3 
17.000  X  10-  t 
40.000 X  10-' 
80.000  X  10-' 
D-Glucose 
0.373 
0.448 
0.511 
0.548 
0.578 
0.604 
0.615 
O. 507 
O. 220 
0.045 
0.000 
0.000 
0.000 
0.000 
B-Galactosida~  activity 
v-Arabinose  I  Na-Succinate 
0.373 
0.357 
0.315 
0.300 
O. 247 
O. 179 
0.110 
0.060 
0.373 
0.453 
0.460 
0.520 
0.564  . 
O. 586 
0.623 
0.373 
Standard cells of E. coli B were incubated for 60 minutes 5/20 all-potassium phosphate 
buffer, pH 7.0, in the presence of 0.008 M lactose, 0.017 M ammonium  sulfate, and the con- 
centrations of D-glucose, D-arabinose, and Na-succinate shown in the table. Enzyme formation 
was stopped with chloromycetin and/3-galactosidase activity determined as described under 
Methods. No measurable cell division took place during the induction period. 
nose,  a  non-metabolizable  structural  analogue,  only  exhibits  a  steadily  in- 
creasing inhibitory effect. 
The Relation of Inductor  Concentration  to ~-Galactosidase  Formation.--Since 
it  had  previously been  observed  that  identical molar  concentrations  of  the 
various  inductors  resulted  in  different  amounts  of  enzyme  being  formed,  a 
study was made of the relation between the concentration of inductor and the 
extent of enzyme formation in each individual case. 
It is apparent from the data shown in Fig. 2 that there is a  characteristic op- 
timum  concentration for  stimulation of/~-galactosidase formation by  each  of 
the four inductors  tested.  It is realized that  the  data reported here refer to 
"initial"  concentrations  of  the  various  inductors  in  the  environment  of  the J. L. KOPPEL~  C..i..  PORTER~  AND  B. ]?. CROCKER  717 
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TABLE XII 
D-Arabinose Inhibition of Lactose-Induced ~-Galaaosidase Formation 
Reciprocal of lactose 
concentration 
6000 
4194 
3570 
3000 
2400 
Reciprocal of initial rate of enzyme formation 
No v-Arabinose 
0.84 
0.61 
0.56 
0.50 
0.44 
0.002 M D-Arabinose 
1.12 
0.82 
0.79 
0.63 
0.56 
O.O04X~D-Arabinose 
1.28 
0.92 
0.77 
0.74 
0.64 
Standard cells of E. coli B were incubated in M/20 all-potassium phosphate buffer, pH 7.0, 
in the presence of 0.017 z~ ammonium sulfate and the combinations of lactose and D-arabinose 
concentrations  shown in the table. After 60 minutes, enzyme formation was stopped with 
chloromycetin and fl-galactosidase activity determined as described under Methods. 
cells  and  that  these  concentrations presumably decline at  varying rates  as 
enzyme formation takes place. 
Competitive  Inhibition of ~-Galactosidase Formation by Inductor Analogues.- 
By  analogy with  the  Lineweaver-Burk treatment  of  enzyme  inhibition, in 
which a  competitive inhibitor is thought to combine with the enzyme thereby 
decreasing the amount of product formed, the structural analogue in this case J. L. KOPPEL,  C. ]. PORTER,  AND  B. F. CROCKER  719 
is pictured as  combining with a  constituent of the  cellular enzyme-forming 
system, this combination resulting in the formation of a decreased amount of 
enzyme. It is, therefore, necessary to work over a range of inductor concentra- 
tions which produce proportional increases in enzyme formation, just as en- 
zyme inhibition studies must be carried out under conditions in which initial 
velocity is proportional to substrate concentration. 
A suitable range of concentrations having been determined for the inductor 
lactose,  the hypothesis was tested using 9-arabinose as inhibitor of enzyme 
formation. 
From the  results  shown in Table XII and Fig. 3  it was concluded that, 
under the conditions employed, the structural analogue D-arabinose competi- 
tively inhibits lactose-induced/~-galactosidase formation. Since no cell division 
takes place in the absence of D-arabinose  (i.e. with lactose alone), the inhibi- 
tory effect of the non-metabolizable 9-arabinose on enzyme formation cannot 
be related to an effect on cell division but must be due to an inhibition of the 
enzyme-forming ability of the suspension. 
DISCUSSIOI~ 
As was pointed out in the introduction, the experimental system used in 
these studies fulfills,  more nearly perhaps than in any other published work, 
the  requirements of  a  system  from which  unequivocal  data  regarding  the 
amount of enzyme formed under  given  conditions  may be  obtained.  Since 
phage-lysed and toluene-treated cells have almost identically the same fl-galac- 
tosidase activity and approximately ten  times that of whole cells,  it would 
seem to be a  reasonable conclusion that, by both methods, permeability bar- 
riers to the substrate during activity measurements have been obviated and 
that the true amount of enzyme is being determined. These barriers still exist, 
of course, during enzyme formation but, here too, there seems to be hope of 
circumventing the  difficulty, at  least  in  special  cases.  For  example,  in  the 
strain of E. coll B employed, D-galactose induces the formation of three differ- 
ent enzymes or enzyme systems--one for the oxidative utilization of 9-galac- 
tose itself as well as a fl- and an a-galactosidase (8).  In such a  special case,  it 
should be possible through kinetic studies to determine the relative affinities 
of  the  one inductor for the  different intracellular enzyme-forming catalysts 
without need for concern regarding the permeability of the cell membrane to 
the inductor. 
The structural specificity exhibited by inductors, of which Monod has tested 
a  much more extensive series (15),  and by inhibitors of enzyme formation is 
apparent. This fact, together with the observation that inhibition by D-arabi- 
nose is of the competitive type would seem to indicate, as has been postulated 
by Spiegelman  (18),  by Monod (15),  and by Pollock and Perret  (16),  that 
such induction must involve the combination of inductor with a component of 720  MECHANISM  0]~  SYNTHESIS  0]~  ENZYMES.  I 
the enzyme-forming catalyst. Presumably, therefore, it is this specific  combi- 
nation which starts or accelerates formation of the specific  enzyme protein. 
Such a concept is the beginning of a theory regarding the mechanism of enzyme 
formation. An extended study of a  series  of inductor and inhibitor analogues 
should make it possible to state the nature of the structural skeleton essential 
for their activities and to get some idea of the nature of the intracellular com- 
ponent with which they combine. 
Each of the four inductors of/~-galactosidase formation so far discovered 
(D-galactose,  lactose,  melibiose,  and  ~-methyl-D-galactoside) has  a  different 
optimum  concentration  for  enzyme  induction,  although  at  these  optimum 
concentrations approximately the same amount of enzyme is induced. These 
differences in optimum concentration may be due to one or more of the fol- 
lowing factors: (a) relative permeability of the cell wall to the different induc- 
tors, (b) liberation of D-glucose in the case of lactose or of melibiose (the latter 
stimulating also  the formation of a-galactosidase (8)),  and  (c)  difference in 
affinity of the intracellular component for the various inductors. There is at 
the moment no way of demonstrating which of these factors is the most impor- 
tant. However, it is obvious that the most clear cut results are obtained with 
D-galactose  or its/3-methyl derivative when factor (b), at least, is obviated. 
Spiegelman has shown in the case of galactozymase in yeast cells (19)  that 
synthesis of a  specific  apoenzyme protein is involved in the induction of en- 
zyme activity. For this induction, externally supplied nitrogen can be used. 
Spiegelman has demonstrated that if such nitrogen is not supplied, maltozy- 
mase or glucozymase activity decreases concurrently with the induced increase 
in galactozymase activity (18).  In the studies conducted in this laboratory it 
has also been found that the presence of exogenous nitrogen is accompanied 
by the formation of increased amounts of enzyme. As with Spiegelman, the 
simultaneous induction of two enzymes results in an increased amount of one 
enzyme being formed (~-galactosidase) at the expense of a  decreased amount 
of the second enzyme (serine deaminase)  (8).  Furthermore,  it has been ob- 
served that, while complex nitrogen sources (yeast extract, peptone, tryptose, 
and easamino adds)  lead to much larger amounts of enzyme being formed, 
such simple nitrogen sources as individual amino acids and even ammonium 
sulfate increase the amount of enzyme formed over that shown in the absence 
of any external nitrogen. This is taken to indicate that the "protein synthesis" 
involved represents a  much more complete build-up of protein than was en- 
visaged in Yudkin's "Mass action theory" (21) or in Monod's earlier theories 
(12,  13). Further evidence for this view has been recently reported by Spiegel- 
man and Halvorson (20). 
Monod has demonstrated that a  substance, melibiose, may have zero affin- 
ity for the enzyme itself and yet have  a  very marked ability to induce its 
formation by the cell. This finding disposes of Yudkin's theory (21) and indi- J. L. KOPPEL,  C. ~. PORTER~  AND  B. F. CROCKER  721 
cates that enzyme formation is not necessarily related to the affinity of the in- 
ductor for the enzyme. Furthermore, it is evident that the ability to combine 
with the enzyme-forming system is not in itseff a  sufficient condition for en- 
zyme induction. Thus, in the studies reported here, it has been found that some 
non-inductors,  at  least,  (D-glucose,  D-mannose,  D-fructose,  D-arabinose, and 
rabinose) have a  high degree of affinity for the enzyme-forming system, as is 
indicated  by  their  ability  to  inhibit  ¢~-galactosidase  formation.  The  most 
striking case is that of D-glucose  (an inhibitor of enzyme formation) which 
differs in structure from D-galactose  (a potent inductor) only by its configura- 
tion at carbon atom 4.  Therefore, to be an inductor, a  substance must not 
only be capable of combining with the enzyme-forming system, but, in addi- 
tion, have a very specific structural configuration. This is further emphasized 
by the fact that D-glucose has a  considerably higher degree of affinity for the 
enzyme-forming system than has D-galaetose  itseff. This is indicated by the 
fact that D-glucose, at a  concentration of 8 X  10  m M, completely inhibits for- 
mation  of  ~-galactosidase whereas  D-galactose  at  this  concentration  has  a 
barely significant inductive effect and produces maximum induction only when 
its concentration has been increased to 100 X  10  --~ M (see Table XI and Fig. 2). 
The presence of sodium ions very greatly stimulates B-galactosidase activity 
(9,  14), but enzyme induction proceeds in the complete absence of externally 
supplied sodium ions and, in fact, the presence of such ions has an inhibitory 
effect on enzyme formation. Thus, conditions optimum for enzyme formation 
and for enzyme activity are quite different in this respect and this, too, sug- 
gests that the two processes are completely divorced. 
SUMMARY 
1.  An experimental system suitable for the study of enzyme formation has 
been described. 
2.  The formation of j3-galastosidase  in E. coli B could be induced by lactose, 
melibiose, D-galactose and O-methyl-D-galactoside. 
3.  Lactose-induced B-galactosidase formation was found to be inhibited by 
D-glucose, D-mannose,  D-fructose,  D-ambinose,  and raffinose. 
4.  The utilizable structural analogue, D-glucose, was found to either stimu- 
late  or  inhibit B-galactosidase formation depending upon  its  concentration. 
D-Arabinose,  on the other hand, a  non-utilizable structural analogue, is only 
capable  of inhibiting, whereas succinic acid, a  structurally unrelated energy 
source, is only capable of stimulating O-galactosidase  formation. 
5.  D-Arabinose  inhibition of lactose-induced O-galactosidase  formation was 
found to be of the competitive type. 
6.  Some of the implications of these findings have been discussed. 
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